Root hairs are tubular protrusions of the root epidermis that significantly enlarge the exploitable soil 36 volume in the rhizosphere. Trichoblasts, the cell type responsible for root hair formation, switch 37 from cell elongation to tip growth through polarization of the growth machinery to a pre-defined root 38 hair initiation domain (RHID) at the plasma membrane. The emergence of this polar domain 39 resembles the establishment of cell polarity in other eukaryotic systems [1][2][3]. Rho-type GTPases 40 of plants (ROPs) are among the first molecular determinants of the RHID [4, 5] and later play a 41 central role in polar growth [6]. Numerous studies have elucidated mechanisms that position the 42 RHID in the cell [7][8][9] or regulate ROP activity [10][11][12][13][14][15][16][17][18]. The molecular players that target ROPs to 43 the RHID and initiate outgrowth, however, have not been identified. We dissected the timing of the 44 growth machinery assembly in polarizing hair cells and found that positioning of molecular players 45 and outgrowth are temporally separate processes that are each controlled by specific ROP guanine 46 nucleotide exchange factor (GEFs). A functional analysis of trichoblast-specific GEFs revealed 47 GEF3 to be required for normal ROP polarization and thus efficient root hair emergence, while 48 GEF4 predominantly regulates subsequent tip growth. Ectopic expression of GEF3 induced the 49 formation of spatially confined, ROP-recruiting domains in other cell types, demonstrating the role 50 of GEF3 to serve as a membrane landmark during cell polarization. 51 3 RESULTS AND DISCUSSION 52 53 Temporal analysis of hair cell polarization reveals phased deployment of the tip-growth 54 machinery 55
140
that affected the polarity index calculation. Its independence from gene expression indicates that 141 the timing of polarization is an intrinsic feature that may be controlled by further partners of unknown 142 identity.
143
To determine the functional role of the investigated GEFs we analyzed T-DNA insertion lines for 144 phenotypes in root hair initiation and development. Root hair density was used as a measure for 145 the general ability to develop root hairs, distance of the first bulge from the root tip was used to 146 infer delays in the timing of root hair initiation and root hair length was used as measure for 147 regulation of tip growth. Only in gef3 mutant alleles, root hair density was reduced and root hair 148 initiation was delayed, (Figure 2G-I) , while hair length seemed only slightly affected (Figure S2E ).
149
In gef3-1, which lacks almost all full length transcript ( Figure S2C) , the observed phenotypes could 150 be rescued with a GEF3::mCit-GEF3 construct (Figure 2H, I We have shown that GEF3 accumulated very specifically at the RHID, preceded ROP2 167 accumulation, and was required for proper root hair development. Therefore, GEF3 was selected 168 as a promising potential regulator of ROP dependent root hair initiation.
169
To determine the temporal relationship of GEF3 and ROP2 recruitment to the RHID in detail,
170
we observed the localization of both proteins at higher resolution over time. We employed a new 171 microfluidic device, termed RootChip-8S, for long-term imaging of growing Arabidopsis roots. The
172
RootChip-8S, is an adapted version of previously published RootChip designs [51] [52] [53] and consists 173 of eight separate observation chambers that can be individually perfused to provide stable growth 174 conditions and restrict root movement in Z to prevent focal drift (Figure S3A, B) . The first detectable 175 signal of GEF3::mCit-GEF3 was observed in the transition zone of the root, shortly after the last 176 cell division (Figures 2 A and 3 A) . Time-lapse imaging showed early targeting of mCit-GEF3 to 177 the rootward cell pole (Figure 3 A) . As the protein gradually enriched at the RHID over 178 approximately 30 min (Figure 3 B) , its localization at the rootward cell pole vanished (Figure 3 A) .
179
The GEF3 domain eventually stabilized at a consistent diameter of 9.6 µm (± 2.5 µm; n=17; 180 FWHM), with its center 9.0 µm (± 2.2 µm) from the rootward cell pole (Figure 3 B, Figure S3C ).
181
To validate the earlier RHID accumulation of GEF3 compared to ROP2 through simultaneous 182 visualization in the same cells, we imaged their localization in growing roots co-expressing 183 fluorescently labeled versions of both proteins and found that mCit-GEF3 accumulated at the RHID 184 one stage earlier than mTurquoise2-ROP2 (mTq2-ROP2) (Figure 3 C) .
185
To test if GEF3 directly influences ROP2 recruitment to the RHID, we expressed mCit-ROP2 in 186 the gef3-1 T-DNA insertion mutant. Strikingly, we did not observe any significant polarization of 187 mCit-ROP2 in the gef3-1 mutant (Figure 3 D, E) . Some cells in gef3-1 were still able to produce 188 bulges, but these bulges lacked polar ROP2 accumulation (Figure 3 D, E) . Interestingly, the 189 general membrane association of mCit-ROP2 was unaffected, as the localization appeared similar 190 to that in other cell types. This shows that GEF3 function is required for ROP2 recruitment 191 specifically to the RHID. We thus hypothesized that the observed root hair phenotypes in gef3 192 mutants could be explained by failed polar recruitment and activation of downstream ROPs.
193
Consequently, ROP loss-of-function mutants would exhibit similar phenotypes as gef3. We 194 combined two previously described T-DNA lines for ROP2 and ROP4 [35, 54] , and analyzed single 195 and double mutants for phenotypes in root hair initiation. To account for the different genetic 196 backgrounds of both single mutants (rop2-1, Col-0; rop4-1, WS), we transformed the double mutant 197 rop2-1/rop4-1 with a ROP2p::mTq2-ROP2 construct, and used the generated line as control for 198 phenotype analysis. For both traits, root hair density and distance of the first bulge to the root tip, 199 the double mutant rop2-1/rop4-1 showed a phenotype that exceeded the strength of phenotypes 200 in gef3-1 (Figure 3 F -H, Figure S2F ,G). The single mutant lines rop2-1 and rop4-1 showed, 201 however, no significant effects and our ROP2p::mTq2-ROP2 construct was able to fully revert 202 phenotypes in rop2-1/rop4-1, demonstrating functional redundancy among both ROPs. In contrast 203 to the loss of ROP2 polarity in gef3-1 mutants, polar mCit-GEF3 domains were still observed in 204 rop2-1/rop4-1 mutants (Figure 3 I, J) . mCit-GEF3 polarity was unaffected in the early elongation 
211
To test if GEF3 was capable of recruiting ROP2 through physical interaction, we used a ratiometric 
227
Taken together, these results show that GEF3 is necessary for ROP polarization by recruiting 228 ROP2 to the RHID via direct physical interaction. Furthermore, the presence of ROP2 and ROP4 229 is not needed for GEF3 polarization, but enhances GEF3 polarity.
231

GEF3 defines the RHID and guides ROP polarization 232
To investigate whether GEF3 is not only necessary but also sufficient for ROP2 polarization, we 233 studied transgenic lines, inducibly overexpressing mCit-GEF3 (mCit-GEF3ox) in Col-0 or in 234 ROP2::mTq2-ROP2 background. Upon induction of mCit-GEF3 expression we observed that 235 additional patch-like GEF3 domains formed in trichoblasts and, surprisingly, also in atrichoblasts 236 (Figure 4 A) . We frequently found mCit-GEF3 accumulation at the shootward sides of cells in the 237 meristem or the early elongation zone (Figure 4 A) . Importantly, all observed normal and ectopic 238 mCit-GEF3 accumulations resulted in the simultaneous recruitment of mTq2-ROP2 (Figure 4 A) .
239
We took advantage of the ubiquitous overexpression of mCit-GEF3 and determined its 240 localization in cells outside the root. In epidermal cells of the hypocotyl, we occasionally observed 241 occurrences of ectopic GEF3 accumulation into domains that strikingly resembled those of RHIDs 242 in trichoblasts (Figure 4 B, Figure S4A ). Consistently, these ectopic mCit-GEF3 domains also lead 243 to recruitment of mTq2-ROP2, which never occurred in hypocotyl cells under control conditions 8 (Figure 4 B) . Except for trichoblasts, mCit-GEF3ox did not lead to bulge formation in other cells, 245 neither did induced expression of mCit-GEF3ox influence the timing of bulging (Figure S4B ),
246
indicating that ROP polarization alone was not sufficient to trigger outgrowth and further trichoblast-247 specific factors are required.
248
Since the analysis of gene expression, protein localization and loss-of-function phenotypes all 249 suggested a differential timing of GEF3 and GEF4 function, we hypothesized that gain-of-function 250 phenotypes should also reflect their specific roles in root hair initiation and growth. We therefore 251 compared the phenotypic effects of mCit-GEF3ox to mCit-GEF4ox, which is known to induce root 252 hair branching in trichoblasts [62] . In mCit-GEF4ox lines, bulges with branched tips, which failed to 253 form long tube-like hairs, occurred in 30.5% of the observed cells (Figure 4 C, D) . mCit-GEF3ox 254 roots also displayed root hairs with branched tips in 20.6% of all trichoblasts, resembling mCit-255 GEF4 overexpression (Figure 4 C, D) . However, mCit-GEF3ox further led to the formation of 256 additional bulges, with 5.5% of trichoblasts showing multiple unbranched bulges and 21.4% of the 257 cells showing multiple branched bulges within one cell (Figure 4 C, D) . This phenotype bears 258 striking similarities to scn1 mutants that lack a ROP-inhibiting RhoGDI [11] , which further points 259 towards a gain of ROP activity in mCit-GEF3ox roots at an early stage during RHID positioning.
260
We observed mCit-GEF3 accumulations in tips of branched root hairs and mTq2-ROP2 was 261 generally present in the same locations (Figure 4 E) , thus confirming that mCit-GEF3ox was also 262 responsible for the formation of additional polar domains in branching hairs. These differential 263 effects of GEF3 and GEF4 overexpression resemble the differential timing of their polar localization 264 and further support the hypothesis that both proteins serve specific functions during different 265 phases of root hair development, with GEF3 being decisive for the early formation of the RHID and 266 ROP2 recruitment, and GEF4 being involved in downstream activation of ROP2 to trigger growth.
268
GEFs serve as positional cues during cell polarization 269 To our knowledge, GEF3 is not only the first RopGEF member reported to temporally precede 270 ROP polarization during tip growth initiation, but it is also the first example for a plant protein that, 271 when overexpressed, is capable of inducing the ectopic formation of polar, ROP-recruiting 272 domains. Our finding, that GEF3 acts upstream of ROP2, challenges the idea of ROP self-273 organization during the initiation of cell polarization in trichoblasts [63] . A self-organizing reaction-274 diffusion mechanism, involving the interplay of ROP-activating RopGEFs and ROP-inactivating 275 RopGAPs has been found to underlie the regular cell wall patterning in differentiating metaxylem 276 vessels [64, 65] . In contrast to the multiple, regularly spaced cell wall pits of the metaxylem, the 277 dependable positioning and establishment of a single polar RHID in trichoblast is likely to require 278 a mechanism that eliminates randomness during its formation. Our results suggest that such non-279 random polarization can be achieved through a GEF3-mediated recruitment and temporally 280 controlled ROP activation by differentially timed GEFs at a predefined location.
281
Evidence for a GTPase-positioning function of GEFs can also be found in other organisms.
282
Recent work shows that during cellularization in Drosophila embryos, the GEF Dizzy and the 9 heteromeric GEF complex ELMO-Sponge are required for polarization of the GTPase Rap1 [41, Table S3 ). The GFP- 
449
Information on all genes referenced in this work, including mutant alleles and sources is provided 450 in Supplementary Data S1, Table S1 . Table S3 . Where internal BsaI (Eco31I) sites were present, they were mutated fusing 490 two PCR fragments, with one mutating the internal BsaI site by an altered primer sequence at this 491 site. After cloning the individual modules into the entry vectors, the complete fragment was checked 492 by sequencing. To confirm the correct assembly of modules into pGGZ003, the presence and 493 orientation was checked by sequencing. As fluorophores, mCitrine (mCit) [80] and mTurqoise2 494 (mTq2) [81] were fused to the gene of interest separated by a short GAGAGA-Linker. mCit was 495 cloned from the Ca 2+ indicator CerTN-L15, containing the common folding mutations V163A and 496 S175G [82], and made monomeric by introducing the A206K mutation. mTq2 was cloned from the 497 Addgene vector pLifeAct-mTurquoise2 (ID #36201). A List of all primers used for molecular cloning 498 is provided in Supplementary Information, Table S2 .
499
For estradiol inducible expression constructs [83], the XVE gene was fused to the promoter (635 500 bp) and terminator of UBI10 (AT4G05320). This expression cassette was cloned in reverse 501 orientation into the entry vector pGGA000 together with the oLexA minimal 35S promoter element.
502
Both elements were separated by a 560 bp spacer. This resulted in a single module that could be 503 used as a promoter module for GreenGate cloning.
504
For expression of genes under control of their native promoter, the following sequences upstream 505 of the start codon were cloned into pGGA000: GEF3 -1743 bp; GEF4 -1500 bp; GEF10 -1534 bp; 506 GEF11 -1458 bp; GEF12 -701 bp; ROP2 -1503 bp; PIP5K3 -1193 bp.
21
For the mbSUS and rBiFC analysis, constructs (listed in Supplementary Information, Table S3 ) 508 were generated using Gateway technology or the 2in1 cloning system (Grefen and Blatt 2012).
509
Coding sequences were PCR-amplified and inserted via 'BP' recombination into either pDONR207, 510 pDONR221-P1P4, or pDONR221-P3P2, respectively, and confirmed by sequencing. Resulting 534 rBiFC constructs was performed as described previously [85] . Fluorescence intensities were 535 recorded 36h post infiltration for approximately 30 images per construct as described in [60] . Ratios 536 between complemented YFP fluorescence and RFP were calculated and plotted using BoxplotR.
537
Immunoblotting verified protein expression utilizing anti-MYC conjugated to peroxidase antibodies 538 and anti-HA peroxidase conjugated antibodies, respectively.
540
Mating-based Split Ubiquitin Assay ('Cyto-SUS')
541
Bait/Cub fusion and preys/Nub fusions were generated by cloning the coding region for GEF3 and 542 different ROP2 versions into the Gateway-compatible vectors pMetOYC-Dest and pNX35-Dest, 543 respectively. These were transformed into haploid yeast strains THY.AP4 (Cub fusion) and 544 22 THY.AP5 (Nub fusions) as described previously [86] . After mating, diploid yeasts were dropped in 545 10 times OD dilutions on vector-(CSM-Leu-, Trp-, Ura) and interaction-selective media (CSM-Leu-
546
, Trp-, Ura-, Ade-, His-) supplemented with 50 or 500 µM methionine. The non-mutated N-terminal 547 ubiquitin moiety (NubI) was used as positive control, and NubI13G (empty vector) as negative 548 control [84] . Protein expression was verified in haploid yeast using antibodies against the VP16 549 domain for the Cub fusion or the HA epitope tag for the Nub fusions. 
605
To measure GEF3 domain size, intensity profiles along the outer plasma membrane were 606 generated from confocal cross sections of trichoblasts. Since gradually decreasing fluorescence 607 signals impede an unambiguous determination of the outer boundary of polar accumulations, 608 domain size was quantified by measuring the full signal width at half-maximal signal intensity 609 (FWHM; Figure S3 ).
610
Box plots were created using BoxPlotR (http://shiny.chemgrid.org/boxplotr/), an R-based web-tool 611 provided by the Tyers (Montreal) and Rappsilber (Edinburgh) labs. For all plots number of 612 measurements (n) is given. Center lines show the medians; notches of boxes represent the 95% 613 confidence interval of the medians; box limits indicate the 25th and 75th percentiles as determined 614 by R software; whiskers extend 1.5 times the interquartile range from the 25th and 75th percentiles, 
